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predominantly	 Bacillus	 (41.4%–31.1%	 OTUs)	 followed	 by	 Lysinibacillus	 (2.6%–1.5%	
OTUs)	and	Clostridium	(2.4%–1.8%	OTUs).	In	the	nonworking	pipeline,	Proteobacteria 
(46.8%	OTUs)	 and	Cyanobacteria	 (27.8%	OTUs)	 were	 dominant.	 Over	 30%	 of	 the	
Proteobacteria	 sequences	 showed	 homologies	 to	 Gammaproteobacteria,	 with	
Pseudomonas	(7.1%),	Enhydrobacter	(2.1%),	Stenotrophomonas	(0.5%),	and	Haempohilus 
(0.4%)	among	the	others.	Differences	were	noted	in	terms	of	the	chemical	composi‐
tions	 of	 deposits	 originating	 from	 the	working	 and	 nonworking	 gas	 pipelines.	 The	
deposits	from	the	nonworking	gas	pipeline	contained	iron,	as	well	as	carbon	(42.58%),	
sulphur	(15.27%),	and	oxygen	(15.32%).	This	composition	can	be	linked	to	both	the	
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Bacterioidetes, Cyanobacteria, Firmicutes, Gammatimonadetes, 
Planctomycetes, Proteobacteria,	 and	Verrucomicrobia	 that	 usually	 in‐
habit	 drilling	 mud	 and	 fracturing	 fluids	 (Struchtemeyer,	 Davis,	 &	
Elshahed,	2011).	Microorganisms	can	also	be	introduced	into	gas	net‐




Natural	 gas	 consists	 mainly	 of	 methane,	 which	 determines	 its	
heating	 value.	However,	 it	 also	 includes	 impurities,	 such	 as	 sulfur	
compounds,	solid	particles,	and	water	vapor	below	its	dew	point.	For	
transportation	 and	usage,	 natural	 gas	 is	 purified	 to	meet	differing	
standards	 for	various	countries.	For	example,	 the	maximum	water	









is	 referred	 to	as	Microorganisms	 Induced	Corrosion	or	biodeterio‐
ration.	 It	 results	 in	 the	development	of	biofilms	and	the	formation	
of	 “black	 powder”	 deposits.	 It	 has	 been	 estimated	 that	 approxi‐
mately	40%	of	all	corrosion	cases	in	industry	are	of	biological	origin	
(Jan‐Roblero	 et	al.,	 2008;	 Rajasekar,	 Anandkumar,	Maruthamuthu,	








nonworking	 natural	 gas	 pipelines	 located	 in	 Poland.	 Furthermore,	
the	composition	of	the	microbiomes	was	discussed	in	the	aspects	of	
internal	chemical	changes	to	the	surface	of	the	pipelines.
2  | E XPERIMENTAL PROCEDURES
2.1 | Sampling
Four	samples	of	sediments	were	collected	from	the	inner	surfaces	












2.2 | Natural gas pipeline characteristics
The	gas	pipelines	had	been	protected	against	external	factors	by	a	bi‐
tuminous	coating	and	cathodic	protection.	The	gas	lines	transported	




The	 surfaces	 of	 the	 pipeline	 and	 their	 chemical	 compositions	
were	 analyzed	 using	 X‐ray	microanalysis.	 The	microstructure	 was	
TA B L E  1  Description	of	gas	pipelines	and	collected	samples
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examined	 using	 an	 S‐3000N	 SEM	 (Hitachi,	 Japan)	 equipped	 with	
an	EDS	microanalyzer	(Thermo	NORAN,	Madison),	according	to	the	
method	described	by	Burnat,	Walkowiak‐Przybyło,	Błaszczyk,	 and	







DNA	 Extraction	 Kit	 (Eurx,	 Poland),	 following	 the	 manufacturer's	
instructions.	The	samples	were	first	pulverized	using	a	TissueLyser	
apparatus	 (Qiagen,	 Germany)	 with	 0.4–0.6	 diameter	 glass	 beads	
(Sartorius	AG,	Germany).	After	isolation,	the	quality	of	the	DNA	was	
analyzed	by	running	the	sample	on	1%	(w/v)	agarose	gel.	Template	
quantity	 was	 measured	 by	 fluorimetry	 using	 Qubit	 2.0	 and	 High	
Sensitivity	 Picogreen	 reagents	 (Invitrogen/Life	 Technologies).	
Amplification	 of	 the	 conserved	 bacterial	 16SrRNA	 gene	 fragment	
covering	V3	and	V4	regions	was	performed	in	triplicate	with	the	use	
of	 the	gene	universal	 specific	primers	341F	and	785R	 (Klindworth	
et	al.,	2012).
2.5 | PCR amplification and sequencing
The	obtained	amplicons,	c.	450	bp	in	size,	were	analyzed	in	1%	(w/v)	
agarose	gel	and	purified	by	AMPure	XP	magnetic	beads	 (Beckman	
Coulter,	 Inc.).	 The	 amplicon	 libraries	were	 pooled	 in	 an	 equimolar	
ratio	 and	 indexed	 according	 to	 the	 Nextera	 indexing	 strategy	 by	
PCR	(Illumina,	 Inc.,	San	Diego,	CA).	Sample	 indexing	enabled	pool‐
ing	of	 the	 amplicons	 for	 sequencing	and	 further	extraction	of	 the	







and	processed	using	 a	QIIME	pipeline	 (http://qiime.org/).	 Paired	
reads	were	merged	 into	contigs.	Sequences	were	grouped	based	
on	 their	 taxonomic	 classification	 and	 highly	 similar	 sequences	
were	 clustered	 into	 operational	 taxonomic	 units	 (OTUs).	 Finally,	
the	obtained	data	were	aligned	against	a	curated	16S	(Ribosomal	
Database	Project)	database.	Raw	data	 files	 in	 the	FASTQ	format	
were	deposited	in	the	NCBI	Sequence	Read	Archive	(SRA)	under	
the	 study	 accession	 number	 SUB	 3239483	 with	 the	 Bioproject	
number	 PRJNA431861.	 Phylogenetic	 trees	 were	 constructed	
using	MEGAN	software	(Huson	et	al.,	2016).





faces	 of	 the	 pipelines	 were	 covered	 by	 a	 nonhomogeneous	 layer	
of	 a	 sediment	 (Figure	1).	 SEM	 images	 of	 the	 surfaces	 of	 collected	
debris	 revealed	 the	 presence	 of	 microbial	 cells	 (Figure	2).	 DNA	
high‐throughput	 sequencing	 data	 showed	 the	 prevalence	 of	 169	
genera	of	bacteria,	belonging	to	23	different	classes	 in	a	sediment	
















Enhydrobacter	 (2.1%),	 Stenotrophomonas	 (0.5%),	 and	 Haempohilus 
(0.4%)	were	identified.	Pseudomonas	 is	classified	as	metal‐reducing	
bacteria,	 which	 causes	 corrosion	 by	 dissolving	 passive	 sediments	
on	the	surface	of	the	metal,	or	by	converting	them	to	a	less	stable	









of	OTUs	 in	sample	M1‐1,	while	 the	percentage	of	particular	 types	
did	 not	 exceed	 0.2%	 (Citrobacter, Enterobacter, Erwinia, Serratia, 
and	Shigella)	 (Figure	3).	Several	members	of	 the	Enterobacteriaceae 
family	 (Citrobacter, Enterobacter, Klebsiella, Proteus,	 and	 Serratia)	
have	been	detected	 in	biofilms	 collected	 from	corroded	 seawater,	
oil,	 and	 gas	 pipelines	 (Bermont‐Bouis,	 Janvier,	 Grimont,	 Dupont,	
&	Vallaeys,	 2007;	 Jan‐Roblero	 et	al.,	 2004,	 2008;	Neria‐González,	
Wang,	Ramírez,	Romero,	&	Hernández‐Rodríguez,	2006;	Rajasekar	
et	al.,	 2007).	 Enterobacter	 (e.g.,	 E. agglomerans)	 can	 grow	 by	 cou‐
pling	 the	 reduction	 in	 Fe	 (III),	Mn	 (IV),	 or	 Cr	 (VI)	 by	 the	 oxidation	
of	 acetate	 and	 H2	 (Jan‐Roblero	 et	al.,	 2004).	 Another	 member	 of	
the Enterobacteriaceae	 family,	 Citrobacter	 sp.,	 is	 able	 to	 accumu‐
late	metals	 on	 the	 surface	 of	 its	 cells	 and	 binds	 heavy	metals	 by	
enzymatic	 metal‐phosphate	 deposition.	 Moreover,	 some	 species	
of	Citrobacter	 (e.g.,	C. freundii	and	C. amalonaticus)	can	produce	hy‐
drogen	 sulfide	 and	 cause	 steel	 corrosion,	which	 is	 difficult	 to	 de‐
tect	 (Angeles‐Chavez,	 Romero,	 Amaya,	 Martinez,	 &	 Perez,	 2001;	
Kodaka,	Mizuochi,	Honda,	&	Yamaguchi,	2000).	Actinobacteria	and	






















slime‐producing	bacteria,	namely	Bacillus, Clostridium, Pseudomonas, 
Flavobacterium,	 as	 well	 as	 to	 the	 sulfate‐reducing	 bacteria	 (SRB),	
Desulfovibrio	 and	 Desulfotomaculum.	 Extracellular	 polymeric	 sub‐
stances	 (EPS)	 produced	 during	 the	 growth	 of	 biofilms	 facilitate	 ir‐
reversible	 attachment	of	microbial	 cells	 to	 the	pipeline	 surface,	 to	
inorganic	precipitates	derived	from	the	bulk	aqueous	phase	and/or	











Generally,	Clostridium	 do	 not	 reduce	 sulfate	 by	 a	 dissimilatory	
pathway,	although	some	species	are	able	to	reduce	sulfate	or	thio‐



















SRB	 belonging	 to	 Desulfosporosinus	 and	 Desulfotomaculum 
(Firmicutes)	 as	 well	 as	Desulfovibrio	 (Proteobacteria)	 were	 found	 in	
the	 investigated	 samples.	 Desulfosporosinus	 was	 the	 most	 abun‐
dant	of	all	 the	SRBs	 identified,	as	 it	was	demonstrated	 in	the	phy‐
logenetic	 tree	 (Figure	4).	 SRB	occurred	 the	most	 frequently	 in	 the	
working	gas	pipeline	 (M2).	Bacteria	belonging	 to	Desulfosporosinus 
were	identified	in	all	sediment	samples	from	the	working	gas	pipe‐
line:	bottom	 (M2‐1),	 top	 (M2‐3),	and	 in	 the	dewaterer	 (M2‐2),	con‐
stituting	 0.26%,	 0.18%,	 and	 1.63%	 of	 OTUs,	 respectively.	 SRB	
belonging to Desulfotomaculum were detected only in the de‐
waterer	 (M2‐2)	 and	 accounted	 for	 <0.003%	of	OTUs.	 In	 the	 sedi‐
ment	 sample	 collected	 from	 the	 nonworking	 gas	 pipeline	 (M1),	 of	
all	 the	 identified	SRBs	only	Desulfovibrio	was	detected,	 at	0.003%	



















tion.	 According	 to	 Drake,	 Küsel,	 and	 Matthies	 (2006),	 Sporomusa 
bacteria	derive	energy	by	CO2	reduction	in	acetate	via	acetogenesis.	
Their	acetogens	utilize	the	acetyl‐CoA	pathway	for	the	energy‐con‐
serving	 CO2‐fixing	 process	 (Drake,	 2009).	 As	with	 the	M1‐1	 sedi‐
ment,	 in	the	M2‐1	and	M2‐3	samples	significant	percentages	were	
found	of	Cyanobacteria	(27.8%	and	44.0%)	and	Proteobacteria	(22.2%	
and	 8.1%).	 Sphingomonas	 were	 dominant	 among	 Proteobacteria,	
representing	9.7%	and	1.6%	of	the	total	bacterial	pool	in	M2‐1	and	
M2‐3,	 respectively.	 From	 this	 class	 of	 bacteria,	 poly(3‐hydroxybu‐
tyrate‐co‐3‐hydroxyvalerate)‐degrading	denitrifiers	Comamonas	sp.,	
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Proteobacteria	 class	 (39%),	 among	which	 bacteria	 from	 the	 genera	
Sphingomonas	 (10%),	Pseudomonas	 (1.9%),	 and	Delftia	 (1.4%),	 char‐
acteristic	for	water	environments,	were	detected.	Actinobacteria	ac‐
counted	for	more	than	10%	of	the	total	OTUs	in	this	sample,	of	which	
Nesterenkonia	 (1.6%),	 Propionibacterium	 (1.3%),	 Corynebacterium 
(1.2%),	Arthrobacter	 and	Micrococcus	 (0.8%)	 were	 the	 most	 abun‐
dant.	Of	the	listed	microorganisms,	only	Propionibacterium	had	been	
detected	previously,	by	Zhu	et	al.	(2003)	in	gas	pipelines	in	USA.
The	 environment	 in	 natural	 gas	 pipelines	 is	 formed	 by	 the	
components	of	 the	transmitted	gas	and	the	carbon	steel	constitu‐
ents	 of	 the	 gas	 pipelines,	 as	well	 as	 by	 the	metabolites	 of	 the	 in‐
habiting	 microorganisms.	 In	 the	 atmosphere	 of	 the	 analyzed	
natural	 gas	 grid,	 the	main	 components	were	 hydrocarbons,	which	
can	be	 a	 source	of	 energy	 for	microorganisms.	According	 to	 a	 re‐
port	 by	 Polska	 Spółka	 Gazownictwa	 Sp.	 z	 o.	 o.,	 the	 composition	
(in	 molar	 %)	 of	 high‐methane	 natural	 gas	 sent	 through	 the	 ex‐
amined	 gas	 pipelines	 (from	 the	 direction	 of	 Podkarpacie)	 was	 as	
follows:	 methane—95.104	±	0.062,	 ethane—2.409	±	0.041,	 pro‐
pane—0.631	±	0.013,	nitrogen—1.024	±	0.002,	CO2—0.564	±	0.007,	
I‐pentane—0.027	±	0.0003,	 N‐pentane—0.018	±	0.0002,	 I‐bu‐




The	macro‐	and	microelements	of	 steel	 also	affect	 the	environ‐











positions	 of	 deposit	 samples	 from	 the	working	 and	 nonworking	 gas	
pipelines.	The	deposits	 from	the	nonworking	gas	pipeline	 (M1)	were	
composed	of	 iron,	as	well	as	carbon	 (42.58%),	 sulphur	 (15.27%),	and	





aluminum,	 potassium,	 calcium,	 and	magnesium,	 can	 attribute	 to	 the	






ides	 and	 siderite,	 and	 contains	 impurities	 such	 as	 elemental	 sulphur,	
hydrocarbons,	metal	fragments,	sand,	and	dust.	“Black	Powder”	is	also	
considered	as	corrosive	to	gas	pipeline	materials	(AlAbbas	et	al.,	2012;	
Staniszewska,	 Kunicka‐Styczyńska,	 &	 Ziemiński,	 2017).	 Double	 the	
amount	of	oxygen	was	found	in	the	sediment	from	the	M‐2	gas	pipeline	
Compounds
Gas pipeline M1 Gas pipeline M2
Carbon steel Deposits Carbon steel Deposits
Fe 99.04 35.35 99.29 38.59
C 0.11 42.58 0.10 nd
Mn 0.46 nd 0.48 nd
Si 0.19 nd 0.10 17.42
P 0.06 nd 0.01 nd
S 0.04 15.27 0.01 nd
Cu 0.10 nd nd nd
O nd 15.32 nd 35.01
Al nd nd nd 5.56
K nd nd nd 1.55
Ca nd nd nd 1.34
Mg nd nd nd 0.52
Note. nd: not detected.
















affect	 the	pipelines	 they	colonize.	The	study	was	conducted	 in	an	
operating	gas	network.	This	presentation	of	the	current	state	of	the	
microbiome	 in	 gas	 pipelines	 during	 gas	 transport	 is	 a	 particularly	
valuable	component	in	this	work.
The	 gas	 pipelines	 were	 found	 to	 be	 a	 more	 favorable	 environ‐
ment	for	the	growth	and	development	of	bacteria	than	for	Archaea.	
Between	 140	 (M2‐1)	 and	 169	 (M1‐1)	 different	 genera	 of	 bacteria	
were	identified	in	samples	from	the	pipelines,	and	only	one	Archaea,	
Methanobacterium	 (M2‐1).	 The	 presence	 of	 Archaea,	 which	 is	 char‐














stant	 gas	 supply	 (M2‐1	 and	M2‐3).	Variations	 in	 the	 composition	
of	the	steel	used	in	the	construction	of	gas	pipelines	may	account	
in	some	measure	for	the	microbial	diversity	of	 the	analyzed	con‐
sortia.	All	 the	 analyzed	 sediments	 included	both	bacteria	 known	
for	 causing	 and	 intensifying	 corrosion	 (including:	 Pseudomonas, 
Desulfovibrio, Shewanella, Serratia)	 and	 bacteria	 that	 can	 protect	
the	 surface	 of	 pipelines	 against	 deterioration	 (e.g.,	Bacillus).	 The	
environments	differed	in	terms	of	the	abundance	of	these	groups.	
For	 example,	 in	 the	M1‐1	 sample	Pseudomonas	 (7.1%	OTUs)	 pre‐
dominated,	while	Bacillus	 constituted	 only	 1.1%	 of	OTUs.	 In	 the	
M2‐1	sample,	in	contrast,	Bacillus	constituted	the	dominant	group	
(41.4%	of	OTUs)	while	Pseudomonas	was	only	<0.2%	OTUs.	Given	
such	variations	 in	 the	data,	predicting	 the	 rate	of	biocorrosion	 is	
difficult.	However,	the	mechanisms	for	initiating	or	inhibiting	bio‐
corrosion	are	usually	associated	with	changes	in	the	environmen‐
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